ABSTRACT: Increased myocardial wall stress after myocardial infarction (MI) initiates the process of adverse left ventricular (LV) remodeling that is manifest as progressive LV dilatation, loss of global contractile function, and symptomatic heart failure, and recent work has shown that reduction in wall stress through injectable bulking agents attenuates these outcomes. In this study, hyaluronic acid (HA) was functionalized to exhibit controlled and tunable mechanics and degradation once cross-linked, in an attempt to assess the temporal dependency of mechanical stabilization in LV remodeling. Specifically, two hydrolytically degrading (low and high HeMA-HA, degrading in ∼3 and 10 weeks, respectively) and two stable (low and high MeHA, little mass loss even after 8 weeks) hydrogels with similar initial mechanics (low: ∼7 kPa; high: ∼35−40 kPa) were evaluated in an ovine model of MI. Generally, the more stable hydrogels maintained myocardial wall thickness in the apical and basilar regions more efficiently (low MeHA: apical: 6.5 mm, basilar: 7 mm, high MeHA: apical: 7.0 mm basilar: 7.2 mm) than the hydrolytically degrading hydrogels (low HeMA-HA: apical: 3.5 mm, basilar: 6.0 mm, high HeMA-HA: apical: 4
■ INTRODUCTION
Recently, left ventricular (LV) remodeling caused by myocardial infarction (MI) has been implicated in approximately two-thirds of the 5 million annual cases of heart failure. 1 MI results from the occlusion of a coronary artery, leading to the depletion of oxygen and nutrients and resulting in cardiomyocyte necrosis and extracellular matrix (ECM) breakdown. As the ECM is disrupted, the myocardium is susceptible to expansion and dilation, leading to geometric changes that subsequently increase stress throughout the injured and healthy regions of the heart. 2−5 These maladaptive responses lead to a series of biological changes that cause further cell death and increase myocardial instability, which contribute to contractile dysfunction and can progress into a positive feedback loop that ultimately leads to heart failure. 6−9 The strategy in this investigation was to target initial infarct expansion (stretching), which has been identified as the initiator of the maladaptive events associated with adverse post-MI remodeling. 10−12 Theoretical 3,13,14 and experimental models 15−33 have shown that limiting infarct expansion with the introduction of injectable materials into the infarct can attenuate the remodeling process, primarily through bulking (thickening) and stabilizing (stiffening) the infarct zone. Specifically, finite element (FE) 13, 14 models have demonstrated that injecting bulking materials into the infarcted myocardium decreases fiber stress, the extent being dependent on material stiffness, 13 volume, 13, 14 and distribution. 14 Experimental models have tested a variety of both natural 15−28 and synthetic 30−33 materials as injectable agents and demonstrated varying degrees of success. The materials tested to date have had a wide range of properties, including the method of gelation, bulk mechanical properties, and degradation behavior. Few studies have been performed to determine the optimal mechanical and degradation properties for the injected material; although, based on theoretical analyses both parameters should affect efficacy. Tunable hydrogel systems provide an important experimental tool to help identify the optimal material properties of the injectate, since material properties (gelation, stiffness, and degradation) can be independently manipulated and examined. Ifkovits et al. recently used a mechanically tunable bulking agent to target LV dilation post-MI. 18 Two variations of methacrylated hyaluronic acid (MeHA) were explored, where cross-linking (i.e., mechanics) was adjusted by varying the amount of methacrylation (low and high), yet gelation behavior and mass loss were similar. HA is a naturally occurring linear polysaccharide of alternating D-glucuronic acid and N-acetyl-Dglucosamine 34 and was used in this study to form injectable hydrogels since it is easily functionalized at both its carboxylic 35 and hydroxyl groups. 36, 37 This work concluded that high MeHA was more effective in attenuating LV remodeling and that mechanics are important to consider for bulking agents and in stabilizing the myocardial wall post-MI. In this case both hydrogels were very stable and still present after 8 weeks in an ovine model.
The work described here further delves into properties for injectable hydrogels with a focus on the timing of the material degradation. Hyaluronic acid (HA) was functionalized with hydroxyethyl methacrylate (HeMA), to obtain a cross-linkable macromer (HeMA-HA) that cross-links similar to MeHA, yet has additional ester bonds that provide further control over hydrogel degradation. Specifically, we compared the previous work 18 of two versions of MeHA hydrogels (low and high mechanics) with the newly synthesized HeMA-HA hydrogels, where initial mechanics were matched and degradation timing was varied. This system is the first to examine the temporal dependency of mechanical stabilization during the progression of LV remodeling and provides insight into how long mechanical support must be applied to attenuate the aftermath of MI.
■ MATERIALS AND METHODS
The animals studied in this investigation received care in compliance with the protocols from the University of Pennsylvania that were approved by the Institutional Animal Care and Use Committee in accordance with the guidelines for humane care (National Institutes of Health Publication 85-23, revised 1996).
All materials were purchased from Sigma-Aldrich unless otherwise indicated.
HeMA-HA Synthesis. Variations of HeMA-HA were synthesized by coupling HA-tetrabutylammonium salt (HA-TBA) with HeMA-COOH as shown in Figure 1A . HA-TBA was produced by adding an ion-exchange resin Dowex-100 to HA-sodium salt (HA-Na, Lifecore, 66 kDa) and titrating with tetrabutylammonium hydroxide until the desired coupling of TBA to HA was reached (pH 7.02−7.05), 36 followed by freezing and lyophilization. HeMA-COOH was synthesized by reacting hydroxyethyl methacrylate (HeMA) with succinic anhydride via a ring-opening reaction catalyzed by Nmethylimidazole (NMI) in dichloroethane (DCE) at 65°C. The product was washed with aqueous hydrochloric acid to remove excess succinic anhydride, washed with DI-H 2 O to remove water-soluble impurities, and DCE was removed by rotovap. The coupling of HA-TBA to HeMA-COOH was performed in DMSO at 45°C by activating the carboxylic acid on HeMA-COOH with dimethylaminopyridine (DMAP) and di-tert-butyl dicarbonate (BOC 2 O) and coupling it to HA-TBA. Purification involved an overnight dialysis against DI-H 2 O at 4°C to remove DMSO, precipitation in acetone, and a final 3 day dialysis against DI-H 2 O at 4°C to remove excess impurities. Methacrylation was adjusted by varying the amount of HeMA-COOH and BOC 2 O, and all products were assessed with 1 H NMR (Bruker).
MeHA Synthesis. MeHA was synthesized as previously described through reaction of HA with methacrylic anhydride at pH 8.0 for 24 h followed by dialysis and lyophilization. 35 Methacrylation was altered by varying the amount of methacrylic anhydride and was assessed with 1 H NMR (Bruker).
Hydrogel Formation and Characterization. Macromers were cross-linked through a redox radical polymerization with ammonium persulfate (APS) and tetramethylethylenediamine (TEMED) as initiators. 38 Hydrogels were formed between two glass slides within a Teflon mold sealed with vacuum grease by mixing two solutions (each containing 4 wt % of the HA macromer and either APS or TEMED). Gelation was assessed by monitoring the storage (G′) and loss (G″) modulus using an AR2000ex Rheometer (TA Instruments) at 37°C under 1% strain and a frequency of 1 Hz in a cone and plate geometry (1°, 20 mm diameter). Compression testing was performed on samples immediately after gelation (day 0) or at desired time points throughout degradation with a dynamic mechanical analyzer (DMA) (Q800 TA Instruments) at a strain rate of 10%/min, and moduli were calculated at a strain from 10 to 20%. For degradation assessment, gels were incubated in PBS at 37°C, and samples were collected at various time points and mass loss was quantified using a uronic acid assay.
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Selection of Formulations. Initial studies were performed on 4 wt % HeMA-HA samples at 5 mM APS/TEMED to assess hydrogel properties and the influence of methacrylation on hydrogel behavior. To compare HeMA-HA efficacy to that of MeHA in attenuating LV remodeling, two HeMA-HA variations (low and high) were selected and normalized to their respective MeHA (low and high) initial mechanics and gel dispersion by adjusting APS and TEMED concentrations (Table 1) . Temporal mechanics and gelation were evaluated and compared between the groups.
In Vivo Evaluation in Ovine MI Model. Low and high HeMA-HA (Table 1) formulations were applied to an established reproducible in vivo ovine infarct model to assess their efficacy in limiting LV remodeling. 29 Twenty-one adult male Dorset sheep (35− Figure 1 . HeMA-HA synthesis and chemical structure (A) and representative 1 H NMR spectra where peaks 1 and 2 correspond to the protons on the alkene of the methacrylate, peak 3 is indicative of the methyl entity on the methacrylate, and peak 4 represents the protons on the N-acetyl group on the HA backbone; modification was determined by normalizing to peak 4 (B). The relationship between final methacrylation and HeMA-COOH to BOC 2 O ratio during synthesis, n = 4 (C). 40 kg) (n = 6 low HeMA-HA, n = 8 high HeMA-HA, n = 7 infarct control) were anesthetized, underwent a left thoracotomy to expose the heart, and were monitored for arterial, ventricular, and pulmonary artery pressure and electrocardiogram throughout the surgery. Baseline echocardiographic and hemodynamic data were first obtained and then followed by infarction, induced via ligation of the left anterior descending (LAD) and second diagonal coronary artery to create an infarct that was ∼40% of the distance from the apex to the base of the heart.
Thirty minutes post-MI, HeMA-HA treatment sheep received 20 0.3 mL injections in the infarct area of the prepolymer solution that was mixed for 2−3 min, depending on the polymer, before injection and gelation. Hemodynamic data and real-time three-dimensional echocardiographs (3DE) were collected before infarction, 30 min post-MI, 30 min post-injection, and 2 and 8 weeks after therapy. 3DE was used to quantify the extent of global LV remodeling by measuring LV diastolic and systolic volumes at each time point. All volume measurements were normalized to preinfarction values. 18 Functional outcomes were analyzed by evaluating cardiac output (CO) and ejection fraction (EF). Each was evaluated by comparing baseline values to outcomes at 2 and 8 weeks post-MI. Animals were sacrificed at 8 weeks, and morphometric and histologic evaluations were performed on the excised hearts. Results were compared to controls consisting of previously published MeHA work (low MeHA (n = 5) and high MeHA (n = 7)) 18 to determine the efficacy of this system in preventing infarct thinning and limiting global LV remodeling.
Because of the potential influences of degradation on biological activity, both vessel formation and inflammation were evaluated in all groups in paraffin embedded sections at the 8 week time point. Vessels were stained with anti-α-smooth muscle actin (α-SMA, mouse antihuman, Dako, MO851). The apex, middle, and border zone (BZ) regions of the myocardium were examined (one section per animal for each region). Vessel density was calculated in three fields of view at 20× magnification at the apex and border zone and in nine magnification views in the middle region of each section. Vessels were identified by positive α-SMA staining and were quantified in three ways: (1) all vessels greater than 10 μm, (2) all vessels with visible lumen greater than 10 μm, and (3) all thick vessels (vessels with more than one cell layer comprising the lumen) greater than 10 μm.
The inflammatory response was investigated by performing immunohistochemical staining with major histocompatibility complex (MHC) class II (mouse anti-sheep, Serotec, MCA901). Staining was evaluated both near the biomaterial and in the surrounding tissue. Briefly, for immunohistochemical staining, paraffin sections were deparaffinized, hydrated, and later quenched for endogenous peroxidase activity for 5 min in 4% H 2 O 2 in deionized water. After quenching, samples were washed three times in Dako 1× wash buffer, and primary antibody was applied at appropriate dilutions in Dako diluent (α-SMA: 1:500, MHC class II: 1:10) at room temperature for 30 min in a humidified chamber. After incubation, three washes in wash buffer were performed, and samples were incubated with HRP labeled polymer (Dako, K4000) for 30 min at room temperature in a humidified chamber. After washing three times in wash buffer, sections were incubated in diaminobenzadine substrate (Vector, SK-4100) at room temperature. Samples were then washed in deionized water to stop the reaction, counterstained in hematoxylin stain, dehydrated, and coverslipped.
Statistical Analysis. Data are presented as either mean ± SD or mean ± SEM, as indicated in each figure legend. All changes in data were assessed using a one-way ANOVA with Tukey's post hoc evaluation to account for differences between groups or time points. p < 0.05 was considered statistically significant for all comparisons.
■ RESULTS AND DISCUSSION
HeMA-HA Synthesis and Characterization. We previously synthesized a methacrylated HA (MeHA) and injected two formulations with varying mechanics into infarcted myocardium and observed mechanically dependent outcomes. 18 Here, we address another property, degradation, through the synthesis of a new HA macromer that contains additional ester bonds between the HA backbone and reactive methacrylate that are susceptible to hydrolysis. Specifically, the TBA salt of HA was successfully reacted with synthesized HeMA succinate (HeMA-COOH) to form reactive HeMA-HA macromers ( Figure 1A ). HA modification was quantified by 1 H NMR ( Figure 1B) , and the number of HeMA groups added was tailored by the ratio of HeMA-COOH to the coupling agent BOC 2 O ( Figure 1C ). Modification of ∼10−60% of the HA repeat units was possible by changing this ratio. Previous studies using MeHA demonstrated that alterations in the degree of methacrylation varied the hydrogel cross-link density, which correlated with variations in hydrogel bulk mechanics. 18 Thus, variable modification of HeMA-HA can be used to modify resulting gel properties (i.e., mechanics and degradation).
HeMA-HA was reacted into hydrogels using a redox initiation system by mixing solutions of HeMA-HA containing either APS or TEMED (Figure 2A ). With this system, kinetic chains form through the reactive methacrylate groups to form a network with bulk properties dependent on the extent of modification and macromer concentration. These hydrogels are susceptible to both enzymatic degradation of the HA and hydrolysis of the side groups, breaking down into primarily the poly(methacrylic acid) kinetic chains and fragments of HA. Initial characterization studies were performed at constant HeMA-HA (4 wt %) and APS and TEMED (5 mM APS and TEMED) concentrations to independently evaluate the influence of HeMA modification on material properties. Gelation was examined by performing a time sweep upon mixing of the component solutions, where gel onset was defined as the intersection of the storage (G′) and loss (G″) modulus ( Figure 2B ). Unlike MeHA polymers, increases in HeMA-HA methacrylation led to accelerated gel onset times ( Figure 2C ), potentially due to changes in viscosity with HeMA-HA modification. As expected, increased methacrylation led to increased compressive moduli and times for degradation due to the greater cross-link density and number of bonds needing to hydrolyze for complete hydrogel degradation ( Figure 2D ).
HeMA-HA Selection. To address how both mechanics and degradation influence adverse LV remodeling, we investigated two variations (low and high) of two different macromers (HeMA-HA and MeHA) (four hydrogel groups in total), where two hydrogels with low mechanics were compared and two hydrogels with high mechanics were compared, each having variable degradation behavior. Specifically, the HeMA-HA tunability was used to identify two formulations for direct comparison to low and high MeHA from a previous study, 18 where the initial material properties (i.e., initial mechanics and gel dispersion) were similar, but degradation was more rapid than their respective MeHA counterpart due to the addition of hydrolytic degradation in HeMA-HA to the enzymatic degradation mechanism displayed by all HA polymers (i.e., low HeMA-HA vs low MeHA and high HeMA-HA vs high MeHA) ( Table 1) .
As previously mentioned, material properties such as gel dispersion and bulk mechanics can also be influenced by initiator concentrations. 18 As shown in Figure 2 , HeMA-HA mechanics and gelation behavior were both dependent on methacrylation; however, MeHA mechanics were influenced by modification, but its gel onset properties were not significantly affected. To compensate for this discrepancy, initiator concentrations were tailored for HeMA-HA formulations (Table 1 ) to achieve appropriate gelation and mechanical properties that were similar to MeHA hydrogels. While altering the initiator concentration was sufficient to normalize low HeMA-HA gelation to that of MeHA, high HeMA-HA gelation was more accelerated despite initiator adjustments (data now shown). Thus, the gelation time (between injection and reaching gel point) was normalized in the in vivo work by injecting high HeMA-HA at 2 min, while low HeMA-HA and low and high MeHA were injected at 3 min. All gels were analyzed at 4 wt %.
HeMA-HA and MeHA Degradation Behavior. HA is enzymatically degradable at its backbone; however, this is dependent on the availability of hyaluronidases and free radicals. 35, 36, 40 Although MeHA does have an ester bond where the methacrylate attaches to HA, accessibility to this bond is sterically hindered and hydrolytic degradation is minimal. Therefore, MeHA degradation is primarily dependent on an enzymatic mechanism and will be referred to as having stable degradation throughout this report. HeMA-HA, however, has additional ester bonds that are accessible for hydrolytic degradation. Thus, in addition to the enzymatic mechanism of the HA backbone, HeMA-HA hydrogels undergo hydrolytic bulk degradation due to the availability of water throughout the gels. As seen in the degradation profiles ( Figure 3A) , both MeHA formulations lose little mass throughout the 8 week period, yet both HeMA-HA formulations degraded within 8− 10 weeks, depending on the extent of modification. Since the HA is reacted via many groups into the kinetic chains, there is minimal mass loss at early time periods even with cross-link hydrolysis, which accelerates at late times when the HA chains can be released from the network, and eventually completely converts to soluble products.
This hydrolysis also leads to exponential decreases in HeMA-HA mechanics, even more rapidly than mass loss, since hydrolysis can cleave the cross-links and lead to decreases in mechanics prior to releasing mass into the surroundings ( Figure 3B) . 41−45 MeHA hydrogel degradation profiles showed an initial minimal burst response that is commonly observed in hydrogels due to a soluble fraction, followed by stable, or minimal, degradation. Slight mechanical decreases in MeHA hydrogels were observed over this period. Overall, it is evident from degradation and mechanical temporal profiles that hydrolytic degradation was more influential in HeMA-HA hydrogels compared to MeHA hydrogels. Importantly, release of HA may also have some biological function. In its linear form, HA plays an active role in wound healing by promoting cell migration and differentiation and angiogenesis and is involved in heart morphogenesis and development. 46−50 The influence of all treatment groups on local vessel density and inflammation will be discussed in more detailed in the in vivo portion of this report. Beyond this evaluation, it is not clear how the quantity of HA and its relatively slow release influence the surrounding tissue.
In Vivo Evaluation in Ovine MI Model. As previously discussed, LV remodeling refers to the complex series of events that occur post-MI. Briefly, initial ECM breakdown triggers infarct dilation that propagates throughout the borderzone (BZ) and remote regions of the myocardium. 2−5 This results in thinning of the myocardial wall and in global geometric changes, causing the heart to be susceptible to increased stress.
6−8,10,11 Although bulking agents are becoming an attractive therapy to stabilize the myocardium and deter geometric changes, 15−33 there is still a lot that remains to be elucidated toward optimal properties of the injected material. Theoretical models have implied that material properties may also be important to consider in the mechanism, 13, 14 but this was only recently explored experimentally by Ifkovits et al. 18 Toward the importance of degradation, LV remodeling is a time-sensitive process that can be broken down into four main periods of necrosis, acute inflammation, fibrosis, and remodeling. In humans, necrosis and acute inflammation occur within the first week, followed by fibrosis for an additional ∼3 weeks, and finally by remodeling for ∼4 more weeks. 2 Thus, it is of great importance to understand how the material presence during these various periods after infarction plays a role in the progression of LV remodeling, which is performed here with four material formulations.
Thinning of the infarct region is an important contributor to increased wall stress both within the infarct and in the perfused regions of the heart and has been identified as a precipitating and sustaining phenomenon that drives adverse remodeling after MI. Infarct thickness was analyzed to evaluate the efficacy of the four treatment groups in preventing remodeling. Specifically, thicknesses in the apical infarct, basilar infarct, border zone, and the remote myocardium were measured for each treatment group, normal (noninfarcted) and for infarct control (IC) (Figure 4A,B) . As expected, 8 weeks post-MI, IC animals displayed a significantly thinner myocardial wall in the apical and basilar infarct (apical: 2.2 mm, basilar: 4.6 mm) regions compared to normal noninfarct animals measured at areas corresponding to infarct regions in treatment animals (apical: 6.1 mm, basilar: 8.5 mm). MeHA treatment, as previously shown, was able to maintain thicknesses in the apical and basilar infarct at levels similar to normal tissue (low MeHA: apical: 6.5 mm, basilar: 7.0 mm, high MeHA: apical: 7.0 mm, basilar: 7.2 mm); 18 this is due to the stability and minimal degradation behavior of these polymers. Interestingly, despite their hydrolytic degradation behavior, both HeMA-HA polymers increased the myocardium thickness compared to infarct controls, with significant increases observed in high HeMA-HA treatments in the apical infarct region but no significant increases in either polymer in the basilar infarct region (low HeMA-HA: apical: 3.5 mm, basilar: 6.0 mm, high HeMA-HA: apical: 4.1 mm, basilar 6.1 mm). HeMA-HA thickness increases, particularly low HeMA-HA increases, are not completely understood but are thought to be due to a biological role of the material and degradation products (including neovascularization and inflammation), including HA as suggested by Yoon et al. 25 Studies with fibrin, which is also degraded within 3 weeks, have shown similar results where despite degradation, fibrin was also effective in increasing myocardial thickness compared to IC. 15, 22 Histological images of the tissue at 8 weeks provide insight into the amount of remaining gel at this time post-MI ( Figure  5 ). As expected from the in vitro degradation assays, hydrogel was present in both MeHA formulations and to a minimal extent for the high HeMA-HA treatment group, primarily in the apex regions. There was no gel observed at this point for any of the low HeMA-HA groups in any of the locations. This observation supports the comparison of in vitro degradation analysis with these in vivo findings as well as the limited enzymatic degradation that occurs to break down the stable HA hydrogels. Generally, there was extensive collagen staining in all of the groups, with more prominent staining for the low HeMA-HA formulations, potentially due to the released degradation products and changes in the inflammatory response.
Myocardial infarction results from the occlusion of an artery and leads to the depletion of oxygen and nutrients to the heart. To remedy this and salvage viable myocardium, groups have focused on restoring blood flow to ischemic tissue by stimulating vessel formation. While this has been successful via delivery of pro-angiogenic growth factors such as FGF, 51−54 VEGF, 55, 56 and PDGF 55 and molecules such as pleiotrophin, 57 other groups have also shown that biomaterials without angiogenic stimulants also hold the potential to promote neovascularization. 58 In this investigation, immunohistochemical staining for α-SMA was performed to assess the ability of our HA hydrogels to induce vessel formation.
Eight weeks post-MI, all four HA hydrogel groups resulted in an increase in vessel density in the BZ, middle, and apex regions of the heart compared to ICs (Figure 6 ), suggesting a role of HA hydrogel treatment in stimulating neovascularization. Significant improvements were seen when evaluating all vessels ( Figure 6C ) and thick vessels greater than 10 μm ( Figure 6E ) between HeMA-HA hydrogel groups and ICs in the middle region of the infarct. In addition, both high mechanics hydrogel groups demonstrated significant increases in vessel density in the BZ region compared to ICs. No significant differences were observed when examining vessels with visible lumen ( Figure  6D ). In general, vessel quantification showed that HA treatment resulted in a similar degree of vessel formation in degradable and stable gels. α-SMA positive staining in nonvessel forming cells was also observed, potentially indicative of myofibroblasts. While all treatment groups demonstrated more positive staining than IC, groups with hydrogel remaining 8 weeks post-MI (high HeMA-HA, low MeHA, and high MeHA), particularly stable MeHA hydrogels, exhibited more pronounced staining around biomaterial implants ( Figure 6A) .
Inflammatory responses play a large role in tissue remodeling, which is important in the context of biomaterials for cardiac repair. 59, 60 To address this, an immunohistochemical evaluation with anti-MHC class II was performed to assess the degree of inflammation resulting from degradable and stable HA hydrogel treatments. MHC class II proteins are expressed on antigen presenting cells which include macrophages, dendritic cells, and B lymphocytes; these cells present digested fragments of foreign extracellular antigens on their surface and are able to interact with helper T cells to stimulate an adaptive immune response. 61, 62 Examination of MHC Class II expressing cells thus provides a general idea of the inflammatory response of various hydrogels.
MHC Class II staining was analyzed in both the surrounding tissue and at the biomaterial interface, in groups where biomaterial was still present at 8 weeks. Staining in the surrounding tissue was generally limited to areas with vessels, and as a result, all treatment groups displayed more positive MHC class II staining in this region ( Figure 7) . Although all groups exhibited more staining, both HeMA-HA groups, particularly high HeMA-HA, appeared to result in more prevalent staining in the surrounding tissue ( Figure 7A ). A similar observation was observed at the biomaterial interface, where high HeMA-HA resulted in more positive MHC class II staining around the hydrogel compared to stable degrading MeHA hydrogels ( Figure 7B ). According to in vitro work, high HeMA-HA hydrogels degrade within ∼10 weeks; thus, it is expected that they are undergoing degradation and result in the release of fragments, which stimulate MHC class II expression, compared to stable gels which have limited degradation at 8 weeks.
The extent of LV dilation in treatment groups was compared to IC data by quantifying normalized end diastolic and systolic volumes (NEDV and NESV) from 3DE data after 2 and 8 weeks. As expected from previous studies, 18 both low polymers were not effective in preventing volume increases (Figure 8 ).
Conversely, the high polymers revealed promising results at 2 weeks where both high polymers limited LV increases to similar degrees (high HeMA-HA: NEDV: 1.61, and NESV: 1.96; high MeHA: NEDV: 1.62, and NESV: 1.89); however, at 8 weeks it was evident that the stable high MeHA was more effective (high HeMA-HA: NEDV: 1.98, and NESV: 2.46; high MeHA: NEDV: 1.70, and NESV: 1.98). In vitro mechanical data supported these findings; while both high polymers had higher mechanics than myocardial tissue (∼6 kPa) at 2 weeks, 18 high HeMA-HA mechanics were reduced to values lower than initial low values (∼2 kPa) by 8 weeks. This finding supports the importance of the timing of mechanical support and suggests that myocardium stabilization is required for a longer period of time (at least 8 weeks) to be most effective in attenuating LV dilation.
Functional improvements (CO and EF) were evaluated by comparing baseline to 2 and 8 weeks post-MI. No functional improvements were observed when comparing groups to baseline ( Figure 9 ); all groups displayed worse CO and EF at 2 and 8 weeks, although IC was the only group that demonstrated a statistically significant worse CO compared to the baseline ( Figure 9A) .
As already discussed, hydrogels were injected 30 min post-MI and evaluated at 2 and 8 weeks. Treatment was employed early to reduce the number of surgical interventions to prevent animal mortality. Other studies have injected materials as early as immediately after MI 26 and as late as 2 months; 19 most have shown improvement, with earlier injections before potential irreversible processes, resulting in more effective attenuation in LV remodeling. 19 Despite this, the appropriate time for injection is still not clear. The average time between MI symptom onset to hospital prevention is 2−6 h; 65, 66 thus, a 30 min injection time is not clinically feasible. Another implication to consider is the progression of the remodeling process; in this report, hydrogels were injected during the onset of necrosis and acute inflammation. The specific stage during which the hydrogel is injected, as well as the temporal properties from that injection point, may play a role in the overall outcomes.
■ CONCLUSIONS
Hydrolytically degradable HA-based hydrogels were synthesized with tunable mechanics and degradation behavior and compared to stable HA hydrogels with similar mechanics and gel dispersion. When injected into early infarct tissue in an ovine model, these hydrogels demonstrated a similar vascular response to their stable gel counterpart; however, they also induced a stronger inflammatory response that may be associated with their degradation. Most interestingly, these hydrolytically degradable hydrogels revealed that geometrical and remodeling changes are dependent on the mechanical and degradation properties of the injected hydrogel. For example, wall thickness and NEDV and NESV were maintained better with a stable hydrogel, implying the temporal dependency of myocardial wall stabilization. While there was no functional improvement associated with either hydrolytic or stable hydrogels, all treatment groups displayed better CO than IC. These results illustrate the use of tunable hydrogel systems to probe the influence of particular material properties on adverse remodeling outcomes after infarction, specifically toward optimizing materials for this specific application. 
